We describe a compact MEMS-based adaptive optics (AO) optical coherence tomography (OCT) system with improved AO performance and ease of clinical use. A typical AO system consists of a Shack-Hartmann wavefront sensor and a deformable mirror that measures and corrects the ocular and system aberrations. Because of limitations on current deformable mirror technologies, the amount of real-time ocular-aberration compensation is restricted and small in previous AO-OCT instruments. In this instrument, we incorporate an optical apparatus to correct the spectacle aberrations of the patients such as myopia, hyperopia and astigmatism. This eliminates the tedious process of using trial lenses in clinical imaging. Different amount of spectacle aberration compensation was achieved by motorized stages and automated with the AO computer for ease of clinical use. In addition, the compact AO-OCT was optimized to have minimum system aberrations to reduce AO registration errors and improve AO performance.
INTRODUCTION
Optical coherence tomography (OCT) is a leading modality for non-invasive, in vivo imaging of the human retina, providing high sensitivity, speed and axial resolution in quantifying retinal pathology. The lateral resolution of the OCT image of the retina, however, is poor due to ocular aberrations.
Adaptive optics (AO) has been incorporated into OCT systems to increase the lateral resolution by measuring and subsequently compensating the aberrations in real time. This technology was originally used for correcting the image degradation due to atmospheric aberration in astronomy. In recent years, AO technology has been applied to the several instruments for retinal imaging, such as flood illumination fundus imaging [1] , scanning laser ophthalmoscopy [2] , and most recently ophthalmic optical coherent tomography [3] . In an AO system, the ocular aberrations of the test subjects are measured by a wavefront sensor. The measured wavefront errors are then used to adjust the shape of a deformable mirror (DM) until the wavefront aberrations are minimized.
Population studies have shown that many people have both low-order aberrations with large magnitudes and high-order aberrations with small magnitudes. For these subjects, current technology cannot deliver the phase compensation needed using a single DM. The use of two deformable mirrors has been investigated.The first AO-OCT system incorporating two deformable mirrors was demonstrated by Zawadzki et.al [4] . The bimorph DM from AOptix used in the UC Davis OCT system had a relatively high dynamic range and could correct defocus and astigmatism up to ± 3D. This obviated the need for the meticulous use of trial lenses to correct individual subject's refractive errors. The MEMS from Boston Micro Machine had 144 pixels and 1.5 µm stroke, and was used to correct the residual high-order aberrations left by the biomorph DM compensation. Both deformable mirrors were placed in the non-scanning path. Such arrangement, however, generated noticeable beam distortions at the deformable mirrors and the wavefront sensor when large refractive corrections were needed [5] .
In the AO-OCT system demonstrated by Zhang et al, the bimorph mirror was placed one relay telescope away from the eye. This minimized the propagation of ocular refractive errors through the system prior to compensation. This arrangement greatly reduced the pupil distortion at the deformable mirrors and wavefront sensor. However, because the bimorph mirror was placed in the scanning path between the eye and scanners, the beam at the eye pupil shifted with the changing incident angles of the light as the beam was steered by the scanners. This would result in degradation of the AO-OCT system.
To address these issues, we added an optical apparatus to correct the spectacle aberrations of the patients such as myopia, hyperopia and astigmatism. The residual aberrations were compensated by a MEMS DM, which was placed between the SLD light source and XY scanners in the AO-OCT system so that the pupil shift at the MEMS was minimized. In addition, the compact AO-OCT was optimized to have minimum system aberrations to reduce AO registration errors and improve AO performance. Unlike the previous large systems which were set-up on a standard lab table, the proposed AO-OCT system was specifically designed for clinical use requiring compact size, low cost and high reliability.
OPTICAL SYSTEM
The AO-OCT system consists of three channels: (1) sample channel, equipped with AO for collecting the retinal image, (2) reference channel with an optical path length matching that of the sample channel, and (3) detection channel for recording the combined sample and reference signals.
The major components of the system are summarized in the following In the sample channel, the light from a broadband superluminescent diode (SLD) was coupled into a single mode fiber. The light was then collimated and relayed by mirror telescopes to the deformable mirror, the horizontal and vertical scanners, the spherical-cylindrical correction apparatus and finally to the eye. Each component was placed at the image plane of an afocal relay telescope. Spherical mirrors, instead of lenses, were used in the afocal telescope design to reduce back-reflections and minimize chromatic aberrations in the system. This is important because the spectrum of the light source must be very broad to achieve high axial resolution. The off-axis configuration of the reflective spherical mirrors, however, created substantial system aberrations. It also resulted in beam displacement at the pupil of the eye due to scanning in both X-Y directions. Both aberrations and beam displacements resulted in performance degradation of the AO-OCT system. The sample channel was different from conventional OCT systems in the sense that it could measure the ocular aberrations of the patients and compensate aberrations in real-time to achieve the substantial higher lateral resolution. We will discuss the optical design issues and new configurations in details.
Reference channel and detection channel were similar to the conventional OCT. In the reference channel, the optical path length was matched by several spherical mirrors to that of the sample channel. In the detection channel, the light from the sample and reference arms was split by the fiber coupler and sent to a spectrometer-based detector, a holographic transmitting diffraction grating focused onto a line-scan CCD.
OPTICAL SYSTEM ABERRATIONS:
The off-axis configuration of the reflective spherical mirrors created substantial system aberrations [6] . Theoretically, the deformable mirror should be able to compensate both optical system aberrations as well as the ocular aberrations of patients. However, if part of the stroke of the deformable mirror was used to compensate the system aberrations, the magnitude of the compensation for the ocular aberrations was reduced. Furthermore, the aberrations would introduce pupil aberration and distortion, which would cause performance degradation of the AO compensation. Thus the aberrations from the optical system itself should be minimized. For a single reflective spherical mirror such as the one shown in Fig. 1 , the magnitude of aberrations is given in the second column
Where the radius of curvature is R and incident angle is θ. The entrance pupil is at distance L from the vertex of the mirror. F stands for the F-number. For a mirror with a radius of curvature of 0.5 m, entrance pupil diameter of 10 mm and tilt angle of 5°, the ratio of Spherical/Coma/Astigmatism=1/8.7/75.7. In most cases, astigmatism is the dominating aberration in the system In addition, most telescopes typically form images over a curved surface instead of a flat surface. The aberration of the field curvature can be expressed as a defocus term θ 2 /16R p F 2 where R p is the radius of Petzval field curvature. A system with small tilt angle and large focal length thus has smaller aberration due to field curvature. 
X-scan Y-scan
The above analysis presents the challenges for the design of a compact AO-OCT system. Long focal length results in a large footprint. Small tilt angle would cause physical conflicts between the components. We minimized the total aberrations by targeting astigmatism because it is the dominating aberration in the afocal telescope. By tilting the second spherical mirror of the afocal telescope in the orthogonal plane, the two spherical mirrors cancelled the astigmatism introduced by a single mirror. The additional benefit was that the mirrors were now at different heights, so the physical conflict was less an issue for the smaller tilt angles. Fig. 2 showed the design layout of an AO-OCT sample channel. The two mirrors in the relay telescope between horizontal scanner and vertical scanner were tilted orthogonally. Y-scanner seems to be placed in the same line between the two mirrors in the YZ plane (shown in Fig. 2(a) ), while in fact it was at a different height from the two mirrors, shown as in Fig 2(b) . This led to a much compact design.
BEAM DISPLACEMENTS
The light was scanned on the retina in a raster pattern with a horizontal scanner and a vertical scanner (Cambridge Technology; 6220M40 galvanometric scanner, ±20°). The two scanners were separated by a relay telescope designed to make them optically conjugate to each other and to the entrance pupil of the eye. This minimized the movement of the scanning beam at the pupil. The chief rays from various field angles did not all pass through the center of the pupil. The beam was shifted as a function of the field angle as shown in Fig. 3 . This would degrade the system performance in several ways. First, this resulted in beam clipping at the pupil, which caused intensity fluctuation as a function of scanning angle. Second, the phase correction the DM applied also depended on the scanning angle resulting in the AO system suffering a kind of anisoplanatism. Third, the speed of the scanners was much faster than the response time of the wavefront sensor and the DM. Hence, the Shack-Hartmann wavefront sensor measured the averaged wavefront and high spatial frequency aberrations may be averaged out and uncompensated.
Both horizontal and vertical scanners produce beam shifts. The shifts have to be minimized for the optimal performance. As a general rule, the shift needs to be less than half of the sub-aperture at the Shack-Hartman wavefront sensor. The beam shift is proportional to the tilt angle of the reflective mirror and the F-number. So a smaller radius of curvature of the reflective mirror is preferred to minimize the beam displacement due to the scanning. This is beneficial for a compact design. However, a small radius of curvature of the mirrors would increase aberrations. Radii of curvatures were compromised to meet the design specification of both aberrations and beam displacements.
By rotating the second mirror orthogonally to the first mirror in the afocal telescope, both aberrations and beam displacements are reduced. Beam shifts of various scanning angles at the pupil plane of the eye of the AO-OCT design is illustrated in Fig.4 . Beam shifts are large when mirrors are rotated in the same planes in the telescopes as shown in Fig. 4(a) , while beam shifts are much smaller when mirrors are rotated orthogonally in the telescopes as shown in Fig. 4(b) .
COMPENSATION OF SPECTACLE ABERRATIONS

Fig. 5
Layout of optical apparatus for the spectacle aberration compensation. Defocus was compensated by a Badal optometer and astigmatism was compensated by rotating cylinders.
We chose to use Badal lenses [7] and rotating cylinders to compensate the large spectacle aberrations in the design of the AO-OCT for clinical use because of the limitations of the deformable mirrors. Current deformable mirror technology has limited stroke, and many of them have not been yet proven sufficiently reliable for long-term clinical testing.
The optical apparatus of the spectacle aberration compensations is shown in Fig. 5 . The Badal optometers were used to compensate defocus. They were made of two achromatic transmissive lenses with focal lengths of 100 mm and two folding reflective mirrors. The two folding mirrors were controlled by one motorized translation stage. The amount of defocus the apparatus could compensate was linear to the moving distance of the two mirrors, as shown in Fig. 6 . The two rotating cylinders were placed at the conjugate plane of the eye pupil to compensate the astigmatism in the eye. To make the AO-OCT system compact, the sample channel was set-up on one optical breadboard and the detection channel/reference channel were set up on the second optical breadboard, as shown in Fig. 7 . The two breadboards were stacked together by supporting posts.
Distance vs focus
SUMMARY
In pursue of a compact AO-OCT system for clinical use, we chose to use a Badal optometer and rotating cylinders to compensate defocus and astigmatism, and MEMS to compensate high-order aberrations. Different amount of spectacle aberration compensation was achieved by motorized stages and automated with the AO computer for ease of clinical use. In addition, the compact AO-OCT was optimized to have minimum system aberrations to reduce AO registration errors and improve AO performance by rotating mirrors orthogonally and reducing the rotation angles. 
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